Introduction
Carbon/carbon (C/C) composites combine lightweight, exceptional strength and stiffness, making them the material of choice for severe-environment applications. C/C composites can serve as thermal protection systems in a rocket nozzle subjected to the oxidizing gas such as CO 2 , and H 2 O at a high temperature [1] . Oxidation ablation of C/C composites may occur on the surface under a high temperature condition [2] , and its rate is related to the gas components and pressure [3] . In the past 10 years, the heat balance integral method or moment integral method had been used for quasi-steady ablation [4, 5] . Some researchers kept their eyes on experimental aspects by using plasma guns, arc heater or scanning electron microscopy [6, 7] , and the thermal behavior was simulated on the basis of Fourier's law and the ablation mechanism [8] . In order to simplify the calculation, many researchers took thermal conductivity as a constant instead of a function of temperature. This hypothesis may introduce some errors, e. g. Huang et al. [9] took a thermal conductivity as a function of temperature to make sure the error for the sublimation rate of C/C composites. However, there has been rare research on oxidizing ablation with a non-linear thermal conductivity. Based on the Fourier heat conduction law and the oxidizing ablation mechanism, we will analyze the effect of thermal conductivity on the ablation rate of a solid rocket nozzle made of C/C composites.
Ablation model and numerical approach
The oxidizing gases at a high temperature flow through a nozzle, which is mainly combined of CO 2 and H 2 O. The oxidizing reaction is the ablation mechanism of a solid rocket nozzle made of C/C composites, and the thermochemical reaction are: 
where h is the absorbing heat of reaction. According to the Arrhenius law, the mass ablation rate of carbon can be obtained:
in which:
where E 0 = 175.142 kJ/mol, R = 8.314472 J/mol, c m is the mass ablation rate of C/C composites, M -the relative molecular weight, T w -the surface temperature, and P -the partial pressure; the subscripts C, H 2 O, CO 2 are carbon, H 2 O and CO 2 , respectively.
From eq. (5), we can gain the line ablation rate vertical to the internal surface of a nozzle:
where v and ρ are the line ablation rate and the density of C/C composites, respectively. Because the temperature gradient vertical to the internal surface of a nozzle is much higher than that in the other orientations, the one-dimensional ablation model is built in fig. 1 .
In the above model, L is the thickness of C/C composites plate, s is the ablation thickness, which is a function of time, and q in is the heat flux entering the surface of material.
If thermal conductivity k(T) is a function of temperature, the one-dimensional heat conduction equation can be deduced on the base of the Fourier's law of heat conduction:
According to the model in fig. 1 , the boundary conditions are given in the form:
The initial condition is:
The heat conduction equations are obviously transient so that we have to discrete space domain and time domain, respectively. Here we use the central difference format for space domain and implicit format for time domain as: 
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With the help of eqs. (12), (13), and (14), from eq. (15) it is easy to obtain the discrete equation by using the Thomas algorithm:
Let G = A dt/∆x 2 , D = B dt/2∆x, and substituting G, D into eq. (16), we get:
where
The discrete eq. (17) can be solved by using the chasing method, and the computational scheme is presented in fig. 2 .
Based on the computational scheme, a computer code can be written for the sake of calculating the thermal response. 
Numerical results
In order to obtain the effect of thermal conductivity on the ablation rate, we respectively take a thermal conductivity as k = 70 Wm -1 K -1 and a actual thermal conductivity as:
It is assumed that the volume fraction of H 2 O and CO 2 in a nozzle is the equivalent percentage of 45%, and working parameters of C/C composites are shown in tab. 1.
Using parameters given in tab 1, we can obtain the thermal behavior of C/C composites plate by the written code. Figure 3 displays the bottom temperature of C/C composites plate at different heating times. Within the initial heating 60 s, the bottom temperature by a constant k rises slower than that by a function k(T). However, when the heating time exceeds 120 s, the bottom temperature by a function k(T) begins to exceed that by a constant k. Figure 4 indicates the ablative surface temperature of the C/C composites plate at different heating times. If k is constant surface temperature rises slower than if k is function of temperature. At the initial heating time, surface temperature in both cases rise abruptly, while rising slowly along with time. The ablative surface temperature for a constant k or function k(T) reaches a plateau, but the maximum relative error is 23.2% at 19.4 s. The line ablation rate of C/C composites plate within 60 s is shown in fig. 5 . The line ablation rate by a constant k rises slower than that by a function k(T). At the initial heating time, they all stay at 0 mm/s before 8 s. The line ablation rate by a function k(T) begins to rise at 8 s, while the line ablation rate by a constant k begins to rise at 19 s. The line ablation rate for k = k(T) is always higher than the other, and the maximum relative error is 67.2% at 42.8 s. 
Conclusions
Based on the Fourier's law of heat conduction and the computational scheme, we have obtained the effect of thermal conductivity on the ablation rate of a solid rocket nozzle. The results show that within the initial heating 60 s, both the bottom temperature and the ablative surface temperature by a constant k rise slower than that by a function k(T). However, when the heating time exceeds 120 s, the bottom temperature by a function k(T) begins to exceed that by a constant k. In addition, the line ablation rate of C/C composites plate calculated by using actual thermal conductivity is higher than that by a constant thermal conductivity, so the effect of thermal conductivity on the ablation rate of a solid rocket nozzle made of C/C composites cannot be neglected.
Acknowledgments
This work was supported by the National Natural Sciences Foundation of China (11272042). 
Nomenclature

